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Acephalic spermatozoa, characterized by the headless sperm in the ejaculate, is a rare
type of teratozoospermia. Here, we recruited two infertile patients with an acephalic
spermatozoa phenotype to investigate the genetic pathology of acephalic spermato-
zoa. Whole-exome sequencing analysis was performed and found mutations in
CEP112 in the two patients: homozygous mutation c.496C > T:p.(Arg166X) in exon
5 from P1; and the biallelic mutations c.2074C > T:p.(Arg692Trp) in exon 20 and
c.2104C > T:p.(Arg702Cys) in exon 20 from P2. Sanger sequencing confirmed the
CEP112 mutations in the two patients. In silico analysis revealed that these CEP112
mutations are deleterious and rare, and all the mutations impact the coiled-coil
domain of CEP112, which may affect the protein function. The c.496C > T:p.
Arg166X resulted in a truncated CEP112, which was verified by the mutation expres-
sion plasmid. The CEP112 expression was significantly reduced in the P2, suggesting
the biallelic mutations c.2074C > T and c.2104C > T may affect the function and sta-
bility of CEP112. Therefore, we speculate that the loss-of-function mutations in
CEP112 may be account for the human acephalic spermatozoa phenotype.
K E YWORD S
acephalic spermatozoa, CEP112, loss-of-function mutations, whole-exome sequencing
1 | INTRODUCTION
Approximately 20 million male suffer from sterility around the world,
which cause about 15% of couples difficult to gain pregnancy.1,2
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by headless sperm in the ejaculate, severely impede the spontaneous
fertility of males.3 However, due to the low incidence and complex
symptoms of acephalic spermatozoa, the potential pathology of
acephalic spermatozoa remains obscure.
It has been demonstrated that genetic defect is closely associated
with acephalic spermatozoa.4 In mice, the disfunction of genes includ-
ing Prss21,5 Oaz3,6 Cntrob,7 Ift88,8 Odf1,9 and Spata610 result in male
infertility due to acephalic spermatozoa syndrome. However, no vari-
ants of these genes have been authenticated in human beings. At pre-
sent, a limited number of acephalic spermatozoa-related genes were
identified in human. SUN5, expressed in the region of sperm head-tail
junction, plays a pivotal role in linking the outer nuclear membrane to
the centrosome, and its genetic defects result in acephalic spermato-
zoa.11,12 Besides, the mutations of HOOK1, TSGA10 and BRDT in
human may involve in the process of acephalic spermatozoa.13-15
Importantly, PMFBP1 mutations impaired the connection between
sperm head to tail, resulting in acephalic spermatozoa and male infer-
tility both in human and mice.16,17 These studies suggesting that
acephalic spermatozoa syndrome has likely resulted from genetic
mutations, and more causative mutations need to be further explored
to completely reveal the pathogenesis of acephalic spermatozoa.
Centriole, as an indispensable component of sperm, is important
for the division of cell and zygote, the development of flagellum and
the connection between the head and tail of the sperm.18 Dysfunc-
tional sperm centrioles were viewed as one trigger for the develop-
ment of acephalic spermatozoa.19 Moretti et al. proved that abnormal
expression of centrin 1, one of centriole protein, may take part in
fibrous sheath dysplasia, anomalies in head-neck junction and
globozoospermia.20,21 Our previous work has shown that homozygous
mutation in centrosomal protein 135 (CEP135) may associate with
multiple morphological abnormalities of the sperm flagella.22 All of
these studies suggest that CEPs play an important role in maintaining
normal sperm morphology and function. The CEP112 is highly
expressed in human testes and plays a potential role in the function of
the centrioles. However, whether CEP112 involved in the development
of acephalic spermatozoa and male infertility has not been reported.
Here, we screened two infertile patients with acephalic spermato-
zoa by whole-exome sequencing (WES) and found both of them car-
ried loss-of-function mutations in CEP112. These mutations are
deleterious and may affect the function and stability of CEP112.
Therefore, our results indicate that CEP112 is essential for the sperm
head-tail junction and loss-of-function mutations in this gene may be
a novel pathogeny of acephalic spermatozoa phenotype.
2 | MATERIALS AND METHODS
2.1 | The patients and control subjects
This study recruited two patients with acephalic spermatozoa pheno-
type and their family. The screening criteria for the acephalic sperma-
tozoa were the same as previously published.13,17,23 In detail, after
excluding for nongenetic factors (such as life style factors; age;
malignancy; testicular damage and male accessory gland infections;
cryptorchidism; varicocele; endocrine deficiency; systemic diseases
and concomitant medication; seminal duct subobstructions, chemical
reagents, radiation, and environmental pollution),24 the remaining
patients were enrolled. We focused on the potentially pathogenic
genetic mutations in the patients.
Physical examinations were performed in the two patients. Both
of them had normal development of external genitalia and bilateral
testicular. No defections were observed in the bilateral spermatic
veins upon palpation. Both of them had normal chromosomal karyo-
types. The clinical data of the CEP112-deficient patients with
acephalic spermatozoa are shown in Supplementary Table 1. Routine
semen analysis was performed according to the guidelines of the
WHO Laboratory Manual for the Examination and Processing of
Human Semen (fifth edition).25 Semen parameters of the acephalic
spermatozoa patients with CEP112 mutations are described in Supple-
mentary Table 2.
5 mL peripheral blood samples were obtained from each individ-
ual. Written informed consent was obtained from each participant.
The ethical committee of the Women and Children's Hospital of Xia-
men University has approved this study.
2.2 | Whole-exome sequencing and Sanger
sequencing validation
WES was performed on the patients as previously described.26 Briefly,
genomic DNA was prepared from peripheral blood samples using a DNeasy
Blood and Tissue kit (Qiagen, Hilden, Germany). WES analysis was per-
formed on an Illumina Hiseq 2500 platform. Sanger sequencing was further
used to verify the mutations in both the patients and P1' parents. The
primers used for Sanger sequencing are listed in Supplementary Table 3.
2.3 | Papanicolaou staining and
immunofluorescence
Papanicolaou staining and immunofluorescence of the spermatozoa
were performed as previously described.22 The CEP112 (24928-1-AP,
Proteintech Group) antibody was used for immunofluorescence.
2.4 | Plasmid construction and Western blot
analysis
The normal cDNA sequence of CEP112 (NM_001199165.4) and
CEP112 mutation sequences (c.496C > T, c.2074C > T and
c.2104C > T) were amplified by PCR and inserted into the pCMV-FH-
3xFlag plasmid to express FLAG-tagged fusion proteins. Then, the
full-length and mutant cDNAs of CEP112 were transfected into the
293T cells. All plasmids were verified by sequencing.
Protein extraction was performed as previously described.27 Total
proteins were separated by 10% SDS-PAGE and conjected with
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primary antibodies at 4C overnight. After incubated with the second
antibody, the proteins were visualized by an Imagequant LAS
4000 mini machine (GE Healthcare Life Sciences). The specific primary
antibodies are CEP112 (24928-1-AP, Proteintech Group); acetylated
tubulin (66200-1-Ig, Proteintech); FLAG primary antibodies (#8146,
Cell Signaling Technology) and beta tubulin antibody (10068-1-AP,
Proteintech Group).
3 | RESULTS
3.1 | Loss-of-function mutations in CEP112 were
identified in acephalic spermatozoa patients by WES
and Sanger sequencing
Two cases of sporadic infertile patients with acephalic spermatozoa
phenotype were recruited to identify novel gene mutations for
acephalic spermatozoa. Genomic DNA was extracted from the
whole blood of the patients and proceeded to WES. The results
were analyzed and filtered to exclude irrelevant or meaningless muta-
tions. Then, we identified three mutation sites in CEP112
(NM_001199165.4, NP_001186094.1) in the two patients. In the two
patients' data of all rare and potentially pathogenic variants, CEP112
is the only gene that is closely associated with neck-connecting func-
tion and preferentially expressed in testes (Supplementary Table 4 for
P1 and Supplementary Table 5 for P2). In detail, homozygous
c.496C > T:p.(Arg166X) was detected in P1 who comes from a con-
sanguineous family (Figure 1A, Family 1, II:1); c.2074C > T:p.
(Arg692Trp) and c.2104C > T:p.(Arg702Cys) were found in the P2
(Figure 1A, Family 2, II:1).
Sanger sequencing was performed to verify these mutations. The
homozygous mutation in exon 5: c.496C > T:p.(Arg166X) was verified in
P1 by reverse sequence. Furthermore, both of his parents were verified
to carry the heterozygous c.496C > T: p.(Arg166X) mutation by reverse
sequence. The biallelic mutations c.2074C > T: p.(Arg692Trp) and
c.2104C > T:p.(Arg702Cys) in exon 20 were verified in P2 by forwarding
sequence (Figure 1B). Because the P2's parents died in a traffic accident,
we were not able to analyze the genotype of his parents, but we rea-
soned that his parents were heterozygous mutation carriers.
Sperm morphology analysis of the CEP112-deficient patients was
performed by Papanicolaou staining. The control subject's spermato-
zoa exhibited normal morphology with the head and tail closely linked,
while most of the patients' spermatozoa were headless, and the single
head without tail still could be observed at very low frequency,
resulting in a diagnosis of acephalic spermatozoa for both of the par-
ents (Figure 1C and Supplementary Table 2).
3.2 | In silico analysis of the loss-of-function
mutations in CEP112
The full length of CEP112 (NP_001186094.1) protein contains
955 amino acids (aa) with a coiled-coil domain (from 277aa to 954aa)
stretches to the C-terminus (Figure 2A, upper). The homozygous non-
sense mutation c.496C > T:p.(Arg166X) in exon 5 causes a stop gain
at aa site Arg166, resulting in a truncated protein missing the entire
coiled-coil domain (Figure 2A, middle). The biallelic mutations
c.2074C > T:p.(Arg692Trp) and c.2104C > T:p.(Arg702Cys) sites were
both located in the coiled-coil domain of CEP112 (Figure 2A, lower).
Alignment analysis of the aa sequences of CEP112 in different
species showed that the mutation sites of Arg166 and the subsequent
aa sequences, and both Arg692 and Arg702, were highly conserved in
different species (Figure 2B).
These mutations may seriously affect the function of CEP112,
which were confirmed by the predicted results of the SIFT, Polyphen-
2, Mutation Taster and other databases (Table 1). In addition, all of
the mutations were rare in the ExAC and gnomAD (Table 1). The
results of in silico analysis indicate that mutations in CEP112 are
potentially pathogenic and may be probably responsible for the
acephalic spermatozoa phenotype.
3.3 | Loss-of-function mutations affect the
CEP112 expression
To evaluate the potential effects of the loss-of-function mutations on
the CEP112, Western blot and immunofluorescence were performed
to measure the expression of CEP112. Western blot results showed
that the expression of CEP112 could obviously detect in the control
subject, but the expression of CEP112 was absent in P1 and signifi-
cantly reduced in P2 (Figure 3A). To further explore the effect of the
mutations on the expression of CEP112, we constructed Flag-
CEP112, Flag-CEP112p.Arg166X, Flag-CEP112p.Arg692Trp and Flag-
CEP112p.Arg702Cys expression plasmids and transfected into the 293T
cell line, respectively. The truncated CEP112 band was observed in
the Flag-CEP112p. Arg166X transfected 293 T cell lysates (Figure 3B).
Besides, the expression and localization of CEP112 on the spermato-
zoa of the patients were determined by immunofluorescence. The
CEP112 localized in the centrioles of normal sperm, but it was barely
detected in the head and flagella of P1's sperm, and was extremely
weak expression in P2's sperm (Figure 3C).
4 | DISCUSSION
Acephalic spermatozoa is a rare of teratozoospermia which seriously
affects male reproductive health.28 In this study, we identified
CEP112 mutations in two independent sterile patients with acephalic
spermatozoa phenotype. Our data suggested these mutations are del-
eterious and may affect the function and stability of CEP112. There-
fore, our results indicated that CEP112 is a novel pathogeny of
acephalic spermatozoa.
Previous views considered that the mechanism of acephalic sper-
matozoa is complex and multifactorial. With people's attention to
reproductive health, acephalic spermatozoa caused by environmental
pollution and other external factors have been well controlled.
SHA ET AL. 323
However, the acephalic spermatozoa caused by genetic mutations is
still largely unknown, and the clinical treatment effect is not satisfac-
tory. PMFBP1 encodes sperm tail-associated protein, which is local-
ized in the head-tail coupling apparatus (HTCA). Homozygous
nonsense mutation (p.Gln802*) in PMFBP1 is responsible for acephalic
spermatozoa by hindering the development of the HTCA.16 SUN5
localized in the inner membrane of the sperm nuclear envelope. Dele-
tion of SUN5 did not impact the formation of HTCA, but HTCA was
separated from implantation fossa at the beginning of sperm deforma-
tion, resulting in acephalic spermatozoa.23,29 Zhu et al. reported that
72.00% (18/25) of their acephalic spermatozoa cohort is caused by
SUN5 and PMFBP1 mutations, suggesting that other gene mutations
are also involved in the development of acephalic spermatozoa.16 In
previous studies, we have reported that the mutations in SUN5,
TSGA10 and BRDT may result in acephalic spermatozoa in
human.13,14,23 These results suggest that acephalic spermatozoa could
be caused by single genetic mutations.
Sperm connecting piece, consisting of segmented columns,
capitulum and centriole, plays an independent role in assembling
the developing flagellum to the head during spermiogenesis.30,31
F IGURE 1 Identification of CEP112 mutations in two infertile patients with acephalic spermatozoa. A, Pedigree chart of the patients affected
by acephalic spermatozoa associated with CEP112 mutations. The black arrows indicated the probands. The P1 (Family 1, II:1) comes from a
consanguineous family. B, The nonsense mutation c.496C > T was verified in the proband P1 and P1's parents by reverse Sanger sequencing. And
the biallelic mutations c.2074C > T and c.2104C > T were verified in P2 by forward Sanger sequencing. The mutant sites were marked by the red
rectangles. C, Morphological analysis of spermatozoa from the CEP112-defcient patients with Papanicolaou staining. The black arrows indicated
the abnormal sperm. Multiple images were taken, and representative images are presented. Scale bar: 20 μm [Colour figure can be viewed at
wileyonlinelibrary.com]
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Abnormal neck development could increase the instability of the
head-midpiece junction and lead to acephalic spermatozoa. The
disruption of segmented columns and the capitulum is the main
cause for acephalic sperm aroused by the inactivation of
Spata6.10 In early spermiogenesis, the proximal centriole migrates
towards the spermatid nucleus and attaches to it which is essen-
tial for establishing normal sperm morphology. Without this phys-
ical contact with the nucleus, the sperm head and tail develop
independently and separate at spermiation, resulting in acephalic
tails and loose heads.19,32 As early as in 1999, Chemes et al. had
pointed out that abnormal function of centrioles may take part in
the development of acephalic spermatozoa.33 Unfortunately, the
mechanism of abnormal centriole formation has not been investi-
gated in detail.
CEP112 is highly expressed in the testis and encodes a CEP, but
its biological function in male reproduction has not been reported.
Here, we identified the homozygous nonsense mutation and biallelic
mutations in CEP112 from two independent acephalic spermatozoa
patients. The mutations were predicted to be potentially deleterious.
The nonsense mutation results in truncated CEP112, which was veri-
fied by the mutation expression plasmid of Flag-CEP112p.Arg166X. The
truncated CEP112 was undetectable in P1, probably because the
CEP112 antibody (24928-1-AP, Proteintech Group) recognizes the aa
607-955 sites of CEP112, resulting in failure to detect the truncated
protein. Another possibility is that the c.496C > T:p.(Arg166X) muta-
tion results in a premature stop codon in the CEP112 open reading
frame, which may mark the mutant transcript as a substrate for non-
sense mediated decay. The variant transcript may be degraded
directly and will not be translated. The biallelic mutations of CEP112
significantly reduced the expression of CEP112 in P2' sperm, which is
inconsistent with the protein expression results of mutant plasmids of
Flag-CEP112p.Arg692Trp and Flag-CEP112p.Arg702Cys. This difference
F IGURE 2 In silico analysis of
the loss-of-function mutations in
CEP112. A, The upper map shows
the protein structure of full-length
CEP112. The green rectangle
represents the coiled-coil domain.
The middle map shows the protein
structure of the truncated CEP112.
The nonsense mutation c.496C > T:
p.(Arg166X) produces a stop gain at
amino acid (aa) site Arg166. The
lower map shows the biallelic
mutations c.2074C > T:p.
(Arg692Trp) and c.2104C > T:p.
(Arg702Cys) in the coiled-coil
domain of CEP112. B, Alignment
analysis of the CEP112 aa
sequences in different species at the
mutation sites of Arg166 and the
subsequent aa sequences, Arg692
and Arg702 [Colour figure can be
viewed at wileyonlinelibrary.com]
TABLE 1 In silico analysis of the mutation in CEP112 gene of the patient with acephalic spermatozoa syndrome
Patient Mutation Amino acid change SIFTa Polyphen-2b Mutation Tasterc ExAC (total)d gnomADe
P1 c.496C > T p.(Arg166X) NA NA Disease causing_
automatic (1)
0 0.00001443
P2 c.2074C > T p.(Arg692Trp) Deleterious (0.001) Damage (1) Disease causing (0.962) 0.0002 0.0002492
c.2104C > T p.(Arg702Cys) Deleterious (0) Damage (0.999) Disease causing (1) 0.00001651 0.000004067
aSIFT, that is, Sorting Intolerant From Tolerant (http://sift.j cvi.org/). Scores vary between 0 and 1. Variants with scores close or equal to 0 are predicted to
be deleterious.
bPolyphen-2 (http://genetics.bwh.harvard.edu/pph2/). Prediction scores range from 0 to 1 with high scores indicating probably or possibly damaging.
cMutationTaster, Mutation Taster (http://www. mutationtaster.org/). The probability value is the probability of the prediction, that is, a value close to 1
indicates a high “security” of the prediction.
dFrequency of variation in total of ExAC database.
eFrequency of variation in gnomAD database.
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may be due to the rigorous regulation of proteins in vivo, especially
during spermatogenesis. The biallelic mutations could affect the aa
side chain types, acidity and alkalinity, charge, polarity and even
hydrophilic and hydrophobic properties. All of these may result in
incorrect folding and loss the protein function, which may lead to deg-
radation of the CEP112 in P2. Although we could not detect the trun-
cated protein in P1, we hypothesized that even if the truncated
protein existed, it would also be significantly reduced due to loss of
F IGURE 3 Protein expression analysis affected by the loss-of-function mutations in CEP112. A, Western blot analysis of the CEP112
expression in the normal controls and the CEP112-defcient patients. Ac-tubulin was used as a loading control. B, Western blot analysis of the
protein expression of Flag-vector, Flag-CEP112, Flag-CEP112p.Arg166X, Flag-CEP112p.Arg692Trp and Flag-CEP112p.Arg702Cys. β-Tubulin was used as
a loading control. C, Immunofluorescence staining of CEP112 (red) in spermatozoa from the control subject and the CEP112-defcient patients.
DNA was counterstained with DAPI (40,6-diamidino-2-phenylindole). Multiple photographs were taken, and representative images are presented.
Scale bar: 10 μm [Colour figure can be viewed at wileyonlinelibrary.com]
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function with the missing of large fragment of aa and the entire
coiled-coil domain.
Collectively, our study demonstrated for the first time that loss-
of-function mutations in CEP112 may be severely impairing the head-
tail attachment and result in acephalic spermatozoa. This work pro-
vides further insights for clinicians and researchers in the genetic eti-
ology of acephalic spermatozoa.
ACKNOWLEDGEMENTS
This work was supported by the National Natural Science Foundation
of China, Grant No. 81871200.
CONFLICT OF INTEREST
The authors have declared no conflicting interests.
AUTHOR CONTRIBUTIONS
Y.S. and X.W. recruited the family and performed the genetic ana-
lyses; J.Y., X.Z. and Z.S. performed the molecular experiments;
X.Z. performed the data analyses; X.X. and X.W. designed the study
and wrote the manuscript.
DATA AVAILABILITY STATEMENT
Data Availability Statement The data that support the findings of this





1. Wang X, Jin HR, Cui YQ, et al. Case study of a patient with
cryptozoospermia associated with a recessive TEX15 nonsense muta-
tion. Asian J Androl. 2018;20(1):101-102.
2. Mascarenhas MN, Flaxman SR, Boerma T, et al. National, regional,
and global trends in infertility prevalence since 1990: a systematic
analysis of 277 health surveys. PLoS Med. 2012;9(12):e1001356.
3. Chemes HE, Carizza C, Scarinci F, et al. Lack of a head in human sper-
matozoa from sterile patients: a syndrome associated with impaired
fertilization. Fertil Steril. 1987;47(2):310-316.
4. Baccetti B, Burrini AG, Collodel G, et al. Morphogenesis of the
decapitated and decaudated sperm defect in two brothers. Gamete
Res. 1989;23(2):181-188.
5. Netzel-Arnett S, Bugge TH, Hess RA, et al. The glycosylphosphatidylinositol-
anchored serine protease PRSS21 (testisin) imparts murine epididymal
sperm cell maturation and fertilizing ability. Biol Reprod. 2009;81(5):
921-932.
6. Tokuhiro K, Isotani A, Yokota S, et al. OAZ-t/OAZ3 is essential
for rigid connection of sperm tails to heads in mouse. PLoS
Genet. 2009;5(11):e1000712.
7. Liska F, Gosele C, Rivkin E, et al. Rat hd mutation reveals an essential
role of centrobin in spermatid head shaping and assembly of the
head-tail coupling apparatus. Biol Reprod. 2009;81(6):1196-1205.
8. Kierszenbaum AL, Rivkin E, Tres LL, et al. GMAP210 and IFT88 are
present in the spermatid golgi apparatus and participate in the
development of the acrosome-acroplaxome complex, head-tail cou-
pling apparatus and tail. Dev Dyn. 2011;240(3):723-736.
9. Yang K, Meinhardt A, Zhang B, et al. The small heat shock protein
ODF1/HSPB10 is essential for tight linkage of sperm head to tail and
male fertility in mice. Mol Cell Biol. 2012;32(1):216-225.
10. Yuan S, Stratton CJ, Bao J, et al. Spata6 is required for normal assem-
bly of the sperm connecting piece and tight head-tail conjunction.
Proc Natl Acad Sci U S A. 2015;112(5):E430-E439.
11. Zhu F, Wang F, Yang X, et al. Biallelic SUN5 mutations cause
autosomal-recessive Acephalic spermatozoa syndrome. Am J Hum
Genet. 2016;99(6):1405.
12. Starr DA, Hermann GJ, Malone CJ, et al. Unc-83 encodes a novel
component of the nuclear envelope and is essential for proper
nuclear migration. Development. 2001;128(24):5039-5050.
13. Sha YW, Sha YK, Ji ZY, et al. TSGA10 is a novel candidate gene
associated with acephalic spermatozoa. Clin Genet. 2018;93(4):
776-783.
14. Li L, Sha Y, Wang X, et al. Whole-exome sequencing identified a
homozygous BRDT mutation in a patient with acephalic spermatozoa.
Oncotarget. 2017;8(12):19914-19922.
15. Chen H, Zhu Y, Zhu Z, et al. Detection of heterozygous mutation in
hook microtubule-tethering protein 1 in three patients with decapi-
tated and decaudated spermatozoa syndrome. J Med Genet. 2018;55
(3):150-157.
16. Zhu F, Liu C, Wang F, et al. Mutations in PMFBP1 cause
Acephalic spermatozoa syndrome. Am J Hum Genet. 2018;103(2):
188-199.
17. Sha YW, Wang X, Xu X, et al. Biallelic mutations in PMFBP1 cause
acephalic spermatozoa. Clin Genet. 2019;95(2):277-286.
18. Reina J, Gottardo M, Riparbelli MG, et al. Centrobin is essential for C-
tubule assembly and flagellum development in Drosophila melano-
gaster spermatogenesis. J Cell Biol. 2018;217(7):2365-2372.
19. Chemes HE, Rawe VY. The making of abnormal spermatozoa: cellular
and molecular mechanisms underlying pathological spermiogenesis.
Cell Tissue Res. 2010;341(3):349-357.
20. Moretti E, Gambera L, Stendardi A, et al. Characterisation of three
systematic sperm tail defects and their influence on ICSI outcome.
Andrologia. 2018;50(10):e13128.
21. Moretti E, Pascarelli NA, Belmonte G, Renieri T, Collodel G. Sperm
with fibrous sheath dysplasia and anomalies in head-neck junction:
focus on centriole and centrin 1. Andrologia. 2017;49(7):e12701.
https://doi.org/10.1111/and.12701.
22. Sha YW, Xu X, Mei LB, et al. A homozygous CEP135 mutation is asso-
ciated with multiple morphological abnormalities of the sperm flagella
(MMAF). Gene. 2017;633:48-53.
23. Sha YW, Xu X, Ji ZY, et al. Genetic contribution of SUN5 mutations
to acephalic spermatozoa in Fujian China. Gene. 2018;647:221-225.
24. Colpi GM, Francavilla S, Haidl G, et al. European academy of Andrology
guideline management of oligo-astheno-teratozoospermia. Andrology.
2018;6(4):513-524.
25. Cao, XW, Lin K, Li CY, et al., A Review of WHO Laboratory Manual
for the Examination and Processing of Human Semen. 5th ed. Nan-
jing, Jiangsu, China: Zhonghua Nan Ke Xue, 2011. 17(12):
p. 1059–63.
26. Li Y, Sha Y, Wang X, et al. DNAH2 is a novel candidate gene associ-
ated with multiple morphological abnormalities of the sperm flagella.
Clin Genet. 2019;95(5):590-600.
27. Liu W, Sha Y, Li Y, et al. Loss-of-function mutations in SPEF2 cause
multiple morphological abnormalities of the sperm flagella (MMAF).
J Med Genet. 2019;56:678-684.
28. Perotti ME, Giarola A, Gioria M. Ultrastructural study of the decapi-
tated sperm defect in an infertile man. J Reprod Fertil. 1981;63(2):
543-549.
SHA ET AL. 327
29. Shang Y, Zhu F, Wang L, et al. Essential role for SUN5 in anchoring
sperm head to the tail. Elife. 2017;6:e28199. https://doi.org/10.
7554/eLife.28199.
30. Fawcett DW, Phillips DM. The fine structure and development of the
neck region of the mammalian spermatozoon. Anat Rec. 1969;165(2):
153-164.
31. Woolley DM, Carter DA, Tilly GN. Compliance in the neck
structures of the Guinea pig spermatozoon, as indicated by
rapid freezing and electron microscopy. J Anat. 2008;213(3):
336-341.
32. Chemes HE, Fawcett DW, Dym M. Unusual features of the nuclear
envelope in human spermatogenic cells. Anat Rec. 1978;192(4):
493-512.
33. Chemes HE, Puigdomenech ET, Carizza C, et al. Acephalic spermato-
zoa and abnormal development of the head-neck attachment: a
human syndrome of genetic origin. Hum Reprod. 1999;14(7):1811-
1818.
SUPPORTING INFORMATION
Additional supporting information may be found online in the
Supporting Information section at the end of this article.
How to cite this article: Sha Y, Wang X, Yuan JT, et al. Loss-
of-function mutations in centrosomal protein 112 is
associated with human acephalic spermatozoa phenotype. Clin
Genet. 2020;97:321–328. https://doi.org/10.1111/cge.13662
328 SHA ET AL.
